Sheep are the natural hosts of the pathogens that cause scrapie, an infectious degenerative disease of the central nervous system. Scrapie-associated fibrils [and their major protein, prion protein (PrP)] accumulate in the brains of
all species affected by scrapie and related diseases. PrP is encoded by a single gene that is linked to (and may be) the major gene controlling the incubation period of the various strains of scrapie pathogens. To investigate the role of PrP in natural scrapie, we have determined its gene structure and expression in the natural host. We have isolated two sheep genomic DNA clones that encode proteins of 256 amino acids with high homology to the PrPs of other species. Sheep PrPs have an arginine/glutamine polymorphism at position 171 that may be related to the alleles of the scrapie incubation-control gene in this species. mouse in which an incubation time control gene has been defined by responses to experimental infection with scrapie (2) , and a similar linkage of the ovine PrP gene to the alleles of Sip has been discovered (24) . To investigate the link between PrP and the host gene controlling the incubation period of scrapie, we have sequenced sheep PrP clones, searching for amino acid substitutions that might provide the molecular basis for Sip allelism. In this paper, we report the cloning and sequencing of genomic DNA carrying most ofthe ovine PrP gene. § Two genomic clones encoded predicted proteins of 256 amino acids that differed at codon 171 resulting in an arginine/glutamine polymorphism. These clones also differed in an EcoRI site outside the PrP coding region that has been linked to the alleles of Sip.
Sheep are the natural hosts of the pathogens that cause scrapie, an infectious degenerative disorder of the central nervous system. The disease is invariably fatal after incubation periods of several months to years and can persist within a flock by spread between flockmates or by transmission from ewe to lamb (1) . The incubation period of the disease depends primarily on the strain(s) of pathogen and the genotype of the affected animal (2) . The expense and handling problems of farm animal experiments has meant that much of the work on the host genetic control and transmissibility of scrapie has been done in rodents. The mouse gene Sinc, with two alleles s7 andp7, is the major gene determining the incubation period of all strains of murine scrapie (2) (3) (4) , and its sheep homologue Sip (with alleles sA and pA) also appears to control the incidence of natural scrapie in at least some breeds of sheep (5) . Paradoxically, a candidate product of these host control genes was discovered in studies on the molecular structure of the scrapie pathogen.
During the subcellular fractionation of scrapie-affected brain, at least some infectivity copurifies with aggregates of a neuronal membrane protein, the prion protein (PrP) (6) . These aggregates were first recognized by electron microscopy and termed scrapie-associated fibrils (7, 8) . They are found in brain extracts (9, 10) of all species affected by scrapie and diseases caused by related pathogens, including Creutzfeldt-Jakob disease of man (11, 12) and bovine spongiform encephalopathy of cattle (13, 14) . PrP is a protein of apparent molecular mass 33-35 kDa (15) (16) (17) . It is glycosylated (18) (19) (20) and has two potential N-glycan attachment sites and an N-terminal glycine-rich repetitive sequence (15) .
Restriction site polymorphisms in and around the murine PrP gene have been linked to the alleles of Sinc in segregating (21) and congenic (22) mice. In fact, there are two amino acid polymorphisms in PrP in mice with the s7 and p7 alleles (23) and this has led to the proposal that PrP may even be the Sinc gene product. The (25) . For purification of poly(A)+ RNA, the preparation was followed by oligo(dT) chromatography (26) . After electrophoresis in 2.2 M formaldehyde/agarose gels, RNA was transferred to a nylon membrane and hybridized with the 32P-labeled hamster cDNA probe [pEA974 (27) (29) . Phage plaques were screened for PrP-related DNA sequences by hybridization to a 470-base-pair Nco I-Sau3AI fragment of plasmid pHaPrP (15) deletions along the ovine genomic insert was generated using Nuclease S1 Protection. The structure of sheep brain PrP exonuclease III and mung bean nuclease (Genofit) (31) .
mRNA was assessed by hybridization to single-stranded Sequencing was done by the dideoxynucleotide termination DNA probes derived from ovine genomic clones and nuclemethod (32) using single-stranded DNA of recombinant M13, ase S1 digestion (35) . For mapping of the 5' splice junction, denatured plasmid DNA templates (33) , and T7 DNA polya 32P-labeled single-stranded DNA probe was prepared by merase (Sequenase, United States Biochemical) (34) . In both primer extension to the EcoRI-Sma I region on pScr23.4 and alleles, the coding region was sequenced entirely on both digestion with Pst I. This generated a fragment of 216 strands.
nucleotides containing 18 nucleotides of a M13mpl8 poly- 
(T/C)QN(C/T)AGG for 3' splice junctions (37).
Additionally, the motif CTGAC at nucleotides 139-143 is identical to the consensus sequence of the lariat acceptor site (38) . To identify the intron/exon boundary in the sheep gene, we carried out nuclease S1 protection analyses. Sheep brain poly(A)+ RNA was hybridized with a genomic DNA probe of 216 bases (Fig. 3 ) and subsequently digested with nuclease S1. Fragments of 138-140 bases were protected (Fig. 3) . The band of 138 bases corresponds to a splicing event at nucleotide 62 at the first AG dinucleotide after the proposed lariat acceptor site. The bands of 139 and 140 bases might be due to incomplete digestion of the RNA-DNA hybrid by nuclease S1. The DNA upstream of the protected region (sequence not shown) has a low G+C content of 40% with no homologies to the G+C-rich promoter region of the hamster gene (17) or other promoter structures (39) . These results indicate that the PrP mRNA in Natural Hosts. Ovine and rodent PrP mRNAs vary greatly in size (Fig. 4 and ref. 40 ). By using a hamster PrP cDNA clone [pEA974 (27) ] or an ovine PrP genomic clone (pScr23.4) in Northern blot analysis of brain poly(A)+ RNA, we estimated the size of ovine PrP mRNA to be 4.6 kb, compared to the 2.5-kb mouse and hamster PrP mRNA (Fig.   4) . The ovine PrP genomic probe also hybridized efficiently to 4.6-kb NrP mRNAs from cattle and goats (Fig. 4) .
Determination of the Polyadenylylation Site of the Ovine PrP mRNA. The sequences TATAAA (nucleotides 4009-4014) and ATTAAA (nucleotides 4033-4038) (Fig. 2) resemble the consensus sequence AATAAA, which precedes the polyadenylylation site of most eukaryotic mRNAs. To determine the polyadenylylation site of the ovine PrP mRNA, we carried out nuclease S1 protection analyses of total RNA from sheep brain by using DNA fragments (insert 23/21) spanning a region 3.4-4.4 kb downstream from the predicted 1 2 3 4 5 6 7 a n.. intron/exon border (Fig. 5) , consistent with the apparent mRNA size (Fig. 4) . All assays indicate that poly(A) addition occurs some 20-25 base pairs downstream from the sequence TATAAA. From the Southern blot analyses of the insert of 32/21 with ovine 3' PrP mRNA-specific DNA probes, we conclude that this genomic clone is also capable of encoding the whole 3.2-kb 3' untranslated mRNA region (data not shown).
Comparison of the PrP mRNAs of Various Species. Ovine PrP mRNA contains a 3.2-kb structure between its stop codon at position 840-842 and the polyadenylylation site around nucleotide 4039 (Fig. 2) . This 3' untranslated region is more than twice the size of the corresponding region in hamster, mouse, and human PrP mRNA. A comparison ofthe ovine sequence with the rodent sequence revealed three large insertions. Insertion D (about 0.5 kb) and insertion F (about 1.3 kb) seem to be sheep specific, whereas insertion B (0.25 kb) is also found in the human mRNA (Fig. 6 ).
DISCUSSION
Homology of Gene Structure and the mRNA. The hamster PrP gene has two exons: a 5' exon of 56-82 nucleotides preceded by a G+C-rich region, probably the transcription promoter, and a 3' exon of 1960 nucleotides that encodes the complete protein coding region of the gene. These exons are linked by a 10-kb intron (17) and this gene organization is conserved in mice (23) . Our data indicate a similar structure in sheep with PrP encoded by only one exon. We detected an intron/exon boundary just on the 5' side of the start codon and, although this is consistent with an upstream exon, we have no direct data on the size of the intron or the 5' exon. The estimated size of the ovine PrP mRNA is 4.6 kb (Fig. 4) and the distance from the 3' intron/exon border to the polyadenylylation site of the ovine PrP gene is about 4 kb. Hence approximately 0.6 kb of the PrP mRNA sequence remains undetermined and may be made up ofthe poly(A) tail and a 5' noncoding exon of the ovine PrP gene, similar to that found in the hamster gene (17) . The highly conserved sequence (80-90%o identical) of all known PrP mRNA coding regions is striking. The 3' untranslated regions of these mRNAs are also conserved in hamster, man, and sheep, although the much larger sheep sequence has several insertions. Because of their similar size, it is likely that the bovine and caprine PrP mRNAs also have this unusually large 3' untranslated region.
Protein Structure and Homologies. The primary structure of PrP is highly conserved in man (42) , hamster (17) , mouse (23, 43) , and sheep (this paper). From the genomic DNA, we can deduce the sequence of a 256-amino acid protein with an overall homology of 88-90% with PrPs of other species.
The sheep PrP has a predicted 24-amino acid signal peptide (44), two possible sites of asparagine-linked glycosylation (at residues 184 and 200) (45) , and an extremely hydrophobic C-terminal sequence. Its highly basic N-terminal region precedes a series of keratin-like glycine-rich segments that are conserved in PrPs across species. The amino acid inserted between residues 9 and 10 is predicted to be a glycine residue, which makes it identical to the bovine sequence (14) . This insertion creates a Pro-Gly-Gly-Gly-sequence identical to a repetitive sequence in the tau protein (46) compared. However, the sequence around the putative site of phosphatidylinositol-glycolipid attachment is the most variable part of the whole molecule. Remarkably, sheep and human, but not rodent, PrPs have potential tyrosine sulfation sites at Tyr-148 and Tyr-145, respectively. The sequence adjacent to Tyr-148, Phe-Gly-Asn-Asp-Tyr-Glu-Asp, resembles the consensus features oftyrosine sulfation sites (49) , but this posttranslational modification has yet to be detected experimentally. We have shown (22) that alleles of the Sip gene are also linked to restriction site polymorphisms in or around the ovine PrP gene in Cheviot sheep. It is, therefore, of great interest to see amino acid substitutions in Suffolk sheep PrP are apparently linked to one of these polymorphisms. The change from a glutamine (codon 171), which is also found in the corresponding position in rodent PrP, to a positively charged arginine in the other ovine PrP allele or to a negatively charged glutamic acid in the human PrP (42) might indicate differing susceptibilities of the proteins to diseasespecific modification or aggregation. That a genetic predisposition to disease is linked to PrP polymorphisms is supported by reports on mouse and human PrPs (23, 51, 52) . Two amino acid substitutions have been inferred in murine PrP by sequencing DNA clones obtained from NZW and I mice (23) .
NZW mice are Sinc'7, I mice are Sincp7 (50) , and the amino acid changes that correlate with one or other of the Sinc alleles are at codons 108 (leucine in s7mice and phenylalanine is in p7 mice) and 189 (threonine in s7 mice and valine is in p7 mice). Other mutations in the human PrP gene have been linked to the clinical appearance of the human spongiform encephalopathies, Creutzfeldt-Jakob disease, and Gerstmann-Straussler syndrome. In some Creutzfeldt-Jakob disease cases a 0.15-kb insertion in the PrP open reading frame has been reported (51); however, in pedigrees of two families with Gerstmann-Straussler syndrome a proline/leucine polymorphism at codon 102 was found (52) .
CONCLUSION
The PrP gene has been linked to the major gene controlling the incubation period (Sip) of the various strains of scrapie pathogens in mice and sheep. We have shown by gene cloning that its protein and gene structure are highly conserved in the natural host of scrapie. It is possible that the PrP polymorphism we have detected in the Suffolk sheep is related to the alleles of the sip gene. 
